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a b s t r a c t
The human adenovirus (HAdV) early protein E1B55K interacts with E4orf6 to form an E3 ubiquitin ligase
complex, which plays key roles in virus replication. To illustrate the reason for the fastidiousness of
HAdV-41 in 293 cells, interaction between heterotypic E1B55K and E4orf6 proteins was investigated.
HAdV-5 E1B55K could interact with HAdV-41 E4orf6, and vice versa. To form E1B55K/E4orf6 E3
ubiquitin ligase, HAdV-41 E4orf6 recruited Cul2 while HAdV-5 E4orf6 interacted with Cul5. The ligase
complex formed by HAdV-5 E1B55K and HAdV-41 E4orf6 could cause the degradation of p53 and Mre11.
However, in E1-deleted HAdV-41-infected 293TE7 cells, which expressed HAdV-41 E1B55K, viral late
mRNAs were exported from nucleus more efﬁciently and accumulated to a higher concentration in
cytoplasm when compared with that in infected 293 cells. These results suggested that interaction
between homotypic E1B55K and E4orf6 was indispensable for efﬁcient export of viral late mRNAs.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Human adenovirus species F (HAdV-F) comprises two sero-
types: HAdV-40 and HAdV-41. HAdV-F has attracted unceasing
interest since its discovery due to its distinguished properties from
other human adenoviruses (Tiemessen and Kidd, 1995). Among
human adenoviruses, HAdV-F is the unique pathogen that has
been proved to cause enteritis in children, although other adeno-
viruses, such as HAdV-5, can also be isolated from feces samples
(Albinsson and Kidd, 1999; Kidd et al., 1982). HAdV-F is acid-
resistant and keeps activity in artiﬁcial gastric or intestinal ﬂuids,
which makes it a promising candidate vector for oral vaccine or
gene therapy targeting gastroenteritis tract (Croyle et al., 1998; Lu
et al., 2009). HAdV-F has two types of ﬁber on its virion: the long
ﬁber can use CAR, a component of tight junction, as its cellular
receptor, while the receptor of short ﬁber is still unknown (Kidd
et al., 1993; Yeh et al., 1994). Most human adenoviruses contain a
RGD (arginine-glycine-aspartic acid) motif in the penton base,
which can bind cellular receptor (integrin) and facilitate viral entry
into host cell. HAdV-F does not possess the RGD motif (Albinsson
and Kidd, 1999). The lack of RGD motif and interaction with
integrins might help HAdV-F escape the cellular native immunity
(Di Paolo et al., 2009). Another feature of HAdV-F is its fastidious-
ness: it is very difﬁcult to cultivate under laboratory conditions.
Generally, human adenoviruses except HAdV-F are easy to
grow in vitro. Many tumor cell lines, such as Hep2, HeLa and
A549, are commonly used to isolate adenoviruses from clinical
samples. 293 cell line was established by transforming human
embryo kidney cell with 11% of HAdV-5 genome on the left (Louis
et al., 1997). 293 cells constitutively express E1A, E1B55K and
E1B19K proteins of HAdV-5. With great care, 293 cells could be
used to grow prototypic strains of HAdV-40 (Mautner, 2007) and
HAdV-41 (Favier et al., 2002). HAdV-F from clinical samples was
able to induce cytopathic effect (CPE) on 293 cells. However, the
infection could be abortive (Pieniazek et al., 1990). In 2007, 293-
ORF6 cells were successfully used to grow wild-type or E1-deleted
recombinant HAdV-41 although the right end of viral genome was
unstable (Lemiale et al., 2007). 293-ORF6 was a cell line developed
for ampliﬁcation of the second-generation adenoviral vectors, in
which the HAdV-5 E4orf6 gene can be induced to express by
addition of Zn2þ . After that, more cell lines, such as 293-SV5/V,
293-CMV and 293 (2V6.11) were established for HAdV-F isolation
(Kim et al., 2010; Sherwood et al., 2007; Yamasaki et al., 2010). We
transfected 293 cells with plasmid carrying HAdV-41 E1B55K
gene, and established 293TE cell lines (293TE7 and 293TE32) (Lu
et al., 2009; Lu et al., 2013; Zou et al., 2011). 293TE cell lines were
very useful for propagating wild-type or recombinant HAdV-41.
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It has been reported that E1-deleted HAdV-B virus could not
propagate in 293 cells unless E1B55K of HAdV-B was expressed
exogenously (Gao et al., 2003; Holterman et al., 2004; Vogels et al.,
2003). As mentioned above, this is also true for the growth of
HAdV-41. Therefore, it can be deduced that the E1B55K gene of
HAdV-5 is unable to complement the function of HAdV-B or
HAdV-F. E1B55K is an early protein of adenovirus, and the multiple
functions of E1B55K require its interaction with another adeno-
virus early protein E4orf6. Several reports have demonstrated that
HAdV-5 E1B55K connected with E4orf6 to form an E3 ubiquitin
ligase complex, which also includes cellular protein Cullin5, Rbx1
and Elongin B/C (Harada et al., 2002; Querido et al., 2001;
Schreiner et al., 2012). The E3 ubiquitin ligase complex caused
the degradation of speciﬁc cellular substrates such as p53, Mre11
and DNA ligase IV, and inﬂuenced the export of viral mRNA out of
nucleus during the late phase of infection. The indispensability of
HAdV-41 E1B55K for growth of HAdV-41 in 293 cells may result
from improper interaction between HAdV-5 E1B55K and HAdV-41
E4orf6, or from compromised function of the E3 ubiquitin ligase
complex they form. In this report, we investigated interaction
between heterotypic E1B55K and E4orf6 proteins and the effect of
the interaction on the export of viral late mRNA.
Results
Expression of HA-tagged E1B55K and FLAG-tagged E4orf6
To facilitate the detection of recombinant proteins, Hemagglu-
tinin (HA) and FLAG tags were fused to the N-terminals of E1B55K
and E4orf6, respectively. To increase the expression of E4orf6,
synonymous mutations were introduced to the coding sequence
(CDS) to reduce unwanted mRNA splicing (Querido et al., 2000).
pcDNA3-backboned recombinant plasmids were transfected to
Fig. 1. Expression of HA-tagged E1B55K and FLAG-tagged E4orf6 in H1299 cells. (a) pcDNA3 vectors carrying E1B55K gene of HAdV-5 or HAdV-41, and pcDNA3 vectors
carrying E4orf6 gene of HAdV-5 or HAdV-41 were constructed as described in methods. In these plasmids, HA or FLAG tag sequences were inserted into the 50 end of E1B55K
or E4orf6 genes, respectively, to express HA or FLAG labeled proteins. H1299 cells were transfected with these plasmids, and the expression of targeted proteins were
detected by indirect immunoﬂuorescence assay with anti-HA or anti-FLAG antibodies at 36 h post transfection. The results showed that E1B55K of HAdV-5 and HAdV-41 and
E4orf6 of HAdV-5 were effectively expressed; however, the expression of HAdV-41 E4orf6 was relatively low. (b) In order to increase the expression of HAdV-41 E4orf6, QBI
SP163 element was added to the upstream of FLAG-E4orf6 coding sequence of HAdV-41. Plasmids with or without SP163 were transfected to H1299 cells, respectively, and
the expression of HAdV-41 E4orf6 were detected by immunoﬂuorescence assay at 36 h post transfection. The results indicated that expression of HAdV-41 E4orf6 was
signiﬁcantly improved when SP163 sequence was included. (c) The enhanced expression of HAdV-41 E4orf6 was further conﬁrmed with Western blot. H1299 cells were
transfected with HAdV-41 E4orf6 carrying plasmids with or without SP163. Total proteins were extracted at 36 h post transfection and resolved on SDS-PAGE. The FLAG-
E4orf6 bands were visualized by Western blot assay with anti-FLAG primary antibody.
X.-H. Zou et al. / Virology 468-470 (2014) 388–396 389
H1299 cells, and the expression of target proteins was determined
by indirect immunoﬂuorescence (Fig. 1a). HAdV-5 E1B55K, HAdV-
41 E1B55K and HAdV-5 E4orf6 were considerably expressed
although the expression level of HAdV-41 E4orf6 was relatively
lower. Several measures were taken to improve the expression
of HAdV-41 E4orf6, including further modiﬁcation of the mRNA
splicing site, addition of tripartite leader (TPL) sequence of HAdV-
41 upstream of the CDS (Zou et al., 2011), and fusion of QBI SP163
element to the CDS. Only QBI SP163 element substantially
increased the expression of HAdV-41 E4orf6 as measured by
immunoﬂuorescence and Western blot (Fig. 1b and c). The QBI
SP163 element is a 163 nucleotide splice variant derived from the
50 untranslated region (UTR) of the mouse vascular endothelial
growth factor (VEGF) gene, functions as a strong translational
enhancer, and acts to increase recombinant protein production
when placed directly upstream of the ATG initiation codon of the
gene of interest (Stein et al., 1998). The QBI SP163 containing
plasmid pcDNA3-SP163-FLAG-E4orf6/Ad41 was used to express
recombinant HAdV-41 E4orf6 in following experiments.
The interaction between heterotypic E1B55K and E4orf6
The compromised growth of HAdV-41 in 293 cells might result
from reduced interaction between HAdV-5 E1B55K and HAdV-41
E4orf6 or impaired formation of E1B55K/E4orf6 E3 ubiquitin ligase
complex. The interaction between HAdV-41 E1B55K and HAdV-5
E4orf6 or HAdV-5 E1B55K and HAdV-41 E4orf6 were determined
by co-immunoprecipitation assay (Fig. 2a and b). Interactions
between homotypic proteins were simultaneously determined
and served as positive controls. The results showed that the
interactions between heterotypic E1B55K and E4orf6 were posi-
tively detected. It was reported that there existed heterogeneity in
the composition of E1B55K/E4orf6 E3 ubiquitin ligase complexes
(Cheng et al., 2011; Forrester et al., 2011). Cul5 was included in the
complex in HAdV4,5, 9, or 34 infected cells, while Cul2
was used in HAdV12 or 40 infected cells. Both HAdV-40 and
HAdV-41 are members of HAdV-F. We tested whether Cul2 or Cul5
could be recruited by HAdV41 E4orf6. As shown in Fig. 2c, Cul2
could be co-immunoprecipitated with HAdV-41 E4orf6 in H1299
cells. As proposed for the E3 ubiquitin ligase complex model,
E4orf6 connected with Cullin, Rbx1, and Elongin B and C to
assemble the initial complex, and E1B55K recruited substrates to
the complex for ubiquitinization by interaction with E4orf6
(Querido et al., 2001; Schreiner et al., 2012). Our results suggested
that HAdV-5 E1B55K, HAdV-41 E4orf6 and Cul2 could participate
in the formation of the ligase complex.
Binding of E1B55K to the substrates of the E3 ubiquitin ligase
E1B55K from different serotypes varied in substrate recognition
and binding (Cheng et al., 2013). Here, we tested the binding of
HAdV-41 E1B55K with p53 and Mre11. HAdV-41 E1B55K could
bind p53 as efﬁciently as HAdV-5 E1B55K did when analyzed with
co-immunoprecipitation assay (Fig. 3a). HAdV-41 E1B55K could
also positively interact with Mre11 although the binding ability was
somewhat compromised when compared with that of HAdV-5
Fig. 2. Analysis of interactions between heterotypic E1B55K and E4orf6. (a) Association of HAdV-5 E4orf6 with HAdV-41 E1B55K. H1299 cells were cotransfected with
plasmid DNAs expressing HAdV-5 FLAG-E4orf6 and HA-E1B55K of either HAdV-5 or HAdV-41. Immunoprecipitates obtained using anti-HA (E1B55K) antibodies were
immunoblotted using anti-FLAG (E4orf6) antibodies. (b) Association of HAdV-41 E4orf6 with HAdV-5 E1B55K. H1299 cells were cotransfected with plasmid DNAs expressing
HAdV-41 FLAG-E4orf6 and HA-E1B55K of either HAdV-5 or HAdV-41. Immunoprecipitates obtained using anti-FLAG (E4orf6) antibodies were immunoblotted using anti-HA
(E1B55K) antibodies. (c) Interaction between E4orf6 and speciﬁc Cullin molecules in the E3 ligase complexes. H1299 cells were cotransfected with plasmid DNAs encoding
FLAG-E4orf6 of different serotypes and either HA-Cul2 or HA-Cul5. Immunoprecipitations were carried out using anti-FLAG (E4orf6) antibody, and immunoprecipitates were
immunoblotted using anti-HA (Cul2 or Cul5) antibodies. Whole-cell extracts were also immunoblotted using anti-HA or anti-FLAG antibodies in all above experiments.
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E1B55K (Fig. 3b). These results showed active binding of HAdV-41
E1B55K to typical substrates and implied successful substrate
recruitment to the E3 ligase complex.
The degradation of substrates by E1B55K/E4orf6 E3 ubiquitin ligase
Formation of E1B55K/E4orf6 E3 ubiquitin ligase and recruit-
ment of substrate do not guarantee successful degradation of
the substrate. We analyzed the degradation of p53 and Mre11 by
E1B55K/E4orf6 E3 ubiquitin ligase in H1299 cells. As shown in
Fig. 4a and b, co-transfection of HAdV-5 E1B55K and HAdV-5
E4orf6 causes the degradation of p53 and Mre11. However, co-
transfection of HAdV-41 E1B55K and HAdV-5 E4orf6 does not
induce signiﬁcant decrease of p53 and Mre11. Interestingly, the
interaction of HAdV-41 E4orf6 with either HAdV-5 or HAdV-41
E1B55K caused obvious reduction of p53 and Mre11 (Fig. 4c
and d). The results suggested that coordination between E1B55K
and E4orf6 besides physical interaction ﬁnally inﬂuenced the
outcome after substrate recruitment. Because 293 cell line was
widely used for HAdV cultivation and was semi-permissive for
HAdV-41 propagation, we investigated the reduction of p53 and
Mre11 in E4orf6 transfected 293 cells. The results demonstrated
that HAdV-5 E1B55K in 293 could cooperate with either HAdV-5
or HAdV-41 E4orf6 and induced signiﬁcant degradation of p53 and
Mre11 (Fig. 5), which was in agreement with the ﬁndings in H1299
cells (Fig. 4).
Effect of HAdV-41 E1B55K on the export of virus late mRNA
Interaction between E1B55K and E4orf6 has another important
function in facilitating selective export of viral late mRNA while
blocking the transport of cellular mRNA out of nucleus. Since
formation of and substrate degradation by E1B55K/E4orf6 E3
ubiquitin ligase complex could not fully explain the fastidiousness
of HAdV-41 in 293 cells and the permissive growth of it in 293TE
cells, we compared the efﬁciency of viral late mRNA export in 293
and 293TE7 cells after virus infection. 293 cells constitutively
express E1 genes of HAdV-5, while 293TE7 cells express additional
E1B55K gene of HAdV-41. To simplify result analysis, E1 region
deleted recombinant virus HAdV-41-GFP was used to infect 293
and 293TE7 cells. CMV promoter controlled transcription of GFP
and viral late mRNA of L2 penton, L3 hexon and L5 long ﬁber were
monitored by real-time PCR in both cytoplasm and nucleus. The
absolute mRNA copies in cytoplasm are shown in Fig. 6a, and the
ratios of mRNA in cytoplasm to that in nucleus are shown in
Fig. 6b. At 16 h post infection (hpi), GFP mRNA in cytoplasm
already accumulated to a considerable level. After that, it went up
slowly and reached the peak at 36 hpi. The amount of GFP mRNA
in cytoplasm was comparable between HAdV-41-GFP infected 293
and 293TE7 cells. The trends of mRNA amount alteration were
similar for the three analyzed viral late mRNAs. Taking mRNA of L2
penton for an example, the mRNA amount in cytoplasm was very
low at 16 hpi, and it went up drastically and reached the peak at
36 hpi; 293TE7 accumulated more penton mRNA in the cytoplasm
than 293 cells did throughout the monitoring period (the amount
of cytoplasmic penton mRNA in 293TE7 was 7 times as high as
that in 293 cells at 24 hpi); and the 293TE7 cells also had a higher
ratio of cytoplasmic to nuclear mRNA than 293 cells for all the
examined time points. These results demonstrated that 293TE7
cells were more efﬁcient in viral late mRNA export than 293 cells,
which might contribute to the improved synthesis of viral late
proteins (Zou et al., 2011).
Discussion
HAdV-F is called fastidious adenovirus and is difﬁcult to
cultivate in laboratory condition (Tiemessen and Kidd, 1995). How-
ever, wild-type and E1-deleted HAdV-41 could grow to consider-
able titer in 293-ORF6 cells or 293TE cells (Lemiale et al., 2007;
Lu et al., 2009; Zou et al., 2011). 293-ORF6 was constructed for
ampliﬁcation of E1, E3 and E4 deleted adenoviral vectors, in which
HAdV-5 E4orf6 expression could be induced after addition of
Zn2þ . It could be inferred that the interaction between E1B55K
and E4orf6 of HAdV-5 helped the growth of HAdV-41 in 293-ORF6.
293TE cells were established to constitutively express HAdV-41
E1B55K, and it could also be deduced that HAdV-41 E1B55K
instead of HAdV-5 E1B55K interacted with HAdV-41 E4orf6 and
facilitated the propagation of HAdV-41-GFP in 293TE cells. All
these phenomena lead to a hypothesis: the interaction between
homotypic E1B55K and E4orf6 plays a key role in HAdV-41 growth
while the interaction between heterotypic E1B55K and E4orf6
possesses no or compromised functions. On the other hand, the
interaction between heterotypic E1B55K and E4orf6 really existed
in E1-deleted HAdV-41 infected 293 cells (HAdV-5 E1B55K inter-
acted with HAdV-41 E4orf6). Such interaction could even occur
in wild-type HAdV-41 infected 293 cells since HAdV-41 E1 genes
were reported to express at a severely low level (Allard and
Wadell, 1992; Mautner et al., 1999; van Loon et al., 1987).
To investigate the way in which E1B55K and E4orf6 affected the
growth of HAdV-41, the interaction between heterotypic E1B55K
and E4orf6 was ﬁrstly studied. Surprisingly, heterotypic E1B55K
and E4orf6 could interact effectively (Fig. 2a, b). It was found
that HAdV-41 E4orf6 interacted with Cul2 while HAdV-5 E4orf6
interacted with Cul5 (Fig. 2c). Based on the E1B55K/E4orf6 E3
ubiquitin ligase model (Querido et al., 2001), we presumed that
heterotypic E1B55K and E4orf6 were able to form the complex
together with other components including cullins. Two typical
Fig. 3. Analysis of interactions between E1B55K and the substrates of E3 ubiquitin ligase. (a) Association of E1B55K with p53. H1299 cells were transfected with plasmid
DNAs expressing p53 and HA-E1B55K of HAdV-5 or HAdV-41 as indicated. Immunoprecipitates (IP) obtained using anti-HA (E1B55K) antibodies were immunoblotted using
anti-p53 antibody. (b) Association of E1B55K with endogenous Mre11. H1299 cells were transfected with plasmid DNAs expressing HA-E1B55K of HAdV-5 or HAdV-41.
Immunoprecipitates (IP) obtained using anti-HA (E1B55K) antibodies were immunoblotted using anti-Mre11 antibody. Whole-cell extracts were also immunoblotted using
anti-HA,anti-p53 or anti-Mre11 antibodies in above experiments.
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substrates, p53 and Mre11, were chosen to test the function of the
E1B55K/E4orf6 E3 ubiquitin ligase. Both HAdV-5 and HAdV-41
E1B55K could recognize and bind with p53 and Mre11 (Fig. 3). E3
ligase complex formed by HAdV-5 E1B55K and HAdV-41 E4orf6
caused the degradation of p53 and Mre11 (Fig. 4). Unexpectedly,
the E3 ligase complex formed by HAdV-41 E1B55K and HAdV-5
E4orf6 did not lead to obvious decrease of p53 and Mre11. It was
further conﬁrmed in 293 cells that the interaction between HAdV-
5 E1B55K and HAdV-41 E4orf6 caused the reduction of p53 and
Mre11 (Fig. 5). The results still did not explain why HAdV-41 could
hardly grow to a decent titer in 293 cells where there might exist
the interaction between HAdV-5 E1B55K and HAdV-41 E4orf6.
Therefore, we examined another aspect of E1B55K/E4orf6 func-
tion: selective nuclear export of viral late mRNA. At the late phase
after virus infection, the ratio of viral late mRNA in cytoplasm to
that in nucleus was signiﬁcantly higher for 293TE7 cells, and
293TE7 cells accumulated more viral late mRNA in the cytoplasm
than 293 cells did (Fig. 6).
It was generally believed that E1B55K/E4orf6 E3 ubiquitin
ligase was responsible for the most function of E1B55K and
E4orf6 proteins although independent activities of them were
recently reported (Blackford and Grand, 2009; Blackford et al.,
2010; Schreiner et al., 2010). The list of the substrates of the E3
ligase keeps growing, in which included were p53 (Querido et al.,
2001), Mre11 (Stracker et al., 2002), DNA ligase IV (Baker et al.,
2007), integrin α3 (Dallaire et al., 2009), Bloom helicase (BLM)
(Orazio et al., 2011) and Tip60 (Gupta et al., 2013). The major
functions of the E3 ligase complex include inactivation of p53,
prevention of cellular DNA damage responses and selective export
of viral late mRNA from nucleus, all of which are important for
successful replication of adenovirus. Viral E1A protein can stimu-
late the expression of p53, while degradation of p53 helps prevent
cell from apoptosis and keeps the cell alive long enough to
produce viral progeny. Adenovirus genome has double-stranded
DNA termini that may represent DNA double-strand breaks (DSBs)
to an infected host cell and conceivably activate cellular DNA
damage response pathways. In cells infected with adenovirus
defective in E4orf3 and E1B55K/E4orf6 function, DSBs repairing
response will be activated and ligate replicated viral genomic DNA
to form concatemers, which are too large to be packaged in
virions. E1B55K/E4orf6 E3 ligase complex can degrade Mre11
and DNA ligase IV, both of which play key roles in DSBs repairing
process, and prevent the formation of genomic concatemers. Our
results showed that HAdV-5 E1B55K could interact with HAdV-41
E4orf6 and the formed E3 ligase complex was able to degrade p53
and Mre11. These observations could not explain the poor growth
of HAdV-41 in 293 cells, motivating us to investigate the role of
E1B55K/E4orf6 in viral late mRNA export. Export of viral late
Fig. 4. The degradation of p53 and Mre11 by E3 ubiquitin ligase formed by E1B55K and E4orf6 of either HAdV-5 or HAdV-41 in H1299 cells. H1299 cells were cotransfected
with plasmids as indicated. 48 h post transfection, the expression of p53 and Mre11 was analyzed by Western blot. The expression of HA-E1B55K and FLAG-E4orf6 was also
detected by Western blot to show the efﬁcacy of gene transfection. Expression of Actin was detected to show the loading of protein samples. Exogenous p53 (a) and
endogenous Mre11 (b) were degraded when HAdV-5 E4orf6 and HAdV-5 E1B55K was cotransfected, while the degradation of these two proteins was not observed when
HAdV-5 E4orf6 and HAdV-41 E1B55K was cotransfected. However, p53 (c) and Mre11 (d) were both obviously decreased when HAdV-41 E4orf6 was cotransfected with
either HAdV-5 or HAdV-41 E1B55K.
Fig. 5. Degradation of endogenous p53 and Mre11 in HAdV-5 E4orf6 or HAdV-41
E4orf6 transfected 293 cells. 293 cells were transfected with plasmids carrying
E4orf6 gene of either HAdV-5 or HAdV-41. The expression of p53 and Mre11 was
analyzed with Western blot 48 h post transfection. 293 cells constitutively express
HAdV-5 E1B55K. When either HAdV-5 or HAdV-41 E4orf6 proteins were expressed
in 293 cells, the decreased expression of p53 and Mre11 could be observed.
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mRNA was signiﬁcantly improved in HAdV-41 E1B55K transfected
293 cells (293TE cells), implying that HAdV-5 E1B55K/HAdV-41
E4orf6 had a compromised activity in viral mRNA export when
compared with HAdV-41 E1B55K/HAdV-41 E4orf6.
Selective export of viral late mRNA was known to be related to
the function of E1B55K or E4orf6 decades ago (Babiss et al., 1985;
Halbert et al., 1985; Weinberg and Ketner, 1986). Until recently, it
was attributed to the activity of E1B55K/E4orf6 E3 ubiquitin ligase
(Woo and Berk, 2007). However, it is still elusive how the E3 ligase
regulates the mRNA export in the late phase of virus infection. Two
receptors, exportin 1 (Crml) and Nxf1 (Tap), have been indentiﬁed
for export of mRNA from the nucleus to the cytoplasm in
metazoan cells (Howell et al., 1990; Natalizio and Wente, 2013;
Sheinberger and Shav-Tal, 2013). These two nuclear export recep-
tors are manipulated by many viruses to promote viral mRNA
export and/or block host mRNA trafﬁcking. E1B55K has been
found to associate with the pp32 protein (Harada et al., 2002).
pp32 contains an exportin 1 recognizable NES and binds to the
human HuR protein, which has been identiﬁed as an export
adapter for certain unstable cellular mRNAs. Nevertheless, expor-
tin 1 was not responsible for export of adenoviral late mRNAs
(Schmid et al., 2011). On the contrary, Nxf1 (Nuclear export factor 1)
pathway was found to be required for the viral late mRNA export.
However, none of the major players in Nxf1 pathway was found
to be the substrate of the E1B55K/E4orf6 E3 ubiquitin ligase
(Yatherajam et al., 2011). Therefore, the mechanism with which
E1B55K/E4orf6 regulates the viral late mRNA export remains
unknown.
Our previous study showed that replication of HAdV-41-GFP
genomic DNA was improved in 293TE7 cells (Zou et al., 2011).
Together with the ﬁndings in this study, we could give a brief
scenario of HAdV-41-GFP replication in 293TE7 cells: after virus
infection, the expression of HAdV-41 E1B55K improves the replica-
tion of viral genome (the mechanism behind this remains unknown),
which results in increased transcription of virus late genes; the
homotypic interaction between HAdV-41 E1B55K and E4orf6 func-
tions through unknown pathway, facilitates the selective export of
virus late mRNA, and further leads to the increased expression of
virus late proteins; and more viral genomic DNA and late proteins
ﬁnally lead to enhanced packaging of progeny virus.
In this study, it was observed that HAdV-41 E1B55K could
interact with substrates (p53 and Mre11). However, such interac-
tion did not lead to the degradation of p53 and Mre11 if HAdV-5
E4orf6 instead of HAdV-41 E4orf6 co-existed. Such ﬁnding was
supportive to the hypothesis proposed by Cheng et al. that binding
alone was not sufﬁcient for the degradation of substrates and the
orientation of the substrate in the ligase complex was crucial
(Cheng et al., 2013).
This work also suggested a possible approach for further
improving the propagation of recombinant HAdV-41 in 293TE
cells. pcDNA3 vector based expression of HAdV-41 E4orf6 was
severely inefﬁcient even in the case that unwanted splicing was
mainly inhibited. The low expression of recombinant HAdV-40
E4orf6 was also observed in a previous report (Cheng et al.,
2011). These ﬁndings hinted that expression of E4orf6 protein
could also be low in recombinant HAdV-41 infected 293 or
293TE cells and increasing HAdV-41 E4orf6 expression by
modifying its original promoter might further promote the yield
of progeny virus.
Conclusively, our results partially explained the reason why
HAdV-41 was fastidious in 293 cells, and suggested an approach
for further improving virus growth in 293TE cells.
Methods
Construction of plasmids
PCR Primers for gene cloning and detection are summarized in
Table 1. HA tag sequence was added to the 50 end of coding region
of E1B55K, and FLAG tag sequence was added to the 50 end of
coding region of E4orf6. HAdV-5 E1B55K gene was ampliﬁed by
PCR with primers 1103Ad5HAE1B55K1 and 1103Ad5HAE1B55K2
using pShuttle-GFP-TPE as the template (Liu et al., 2009). PCR
Fig. 6. Export of major late mRNA from nucleus of HAdV-41-infected 293 or 293TE7 cells. 293 or 293TE7 cells were infected with HAdV-41-GFP at an MOI of 150 vp/cell for
2 h. Cells were harvested at indicated time points post infection. Cytoplasmic and nuclear RNA were separately extracted and quantiﬁed. The amount of viral major late
mRNA of L2 penton, L3 hexon and L5 long ﬁber was determined with real-time PCR after reverse transcription as described in Methods. CMV promoter controlled
transcription of GFP mRNA was similarly examined as an internal control. The amount of cytoplasmic mRNA was expressed as copies per nanogram of cytoplasmic total RNA
(a), and the mRNA export efﬁcacy was evaluated with the ratio of copies of cytoplasmic mRNA to that of nuclear mRNA (b). Data shown are from one representative
experiment of three performed.
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product was inserted into pMD18-T vector by TA cloning (Takara,
Dalian, China). HA-E1B55K fragment was excised from pMD18-T
plasmid with EcoRI, and then inserted into the EcoRI site of
pcDNA3 to generate pcDNA3-HA-E1B55K/Ad5. HAdV-41 E1B55K
gene was ampliﬁed by PCR with primers 1103Ad41HAE1B55K1
and 1103Ad41HAE1B55K2 using pcDNA3-E1B as the template (Lu
et al., 2009). PCR product was digested with KpnI and XhoI, and
then inserted into the corresponding sites of pcDNA3 to generate
pcDNA3-HA-E1B55K/Ad41. Original coding sequencing of E4orf6
contains a splice site for generation of E4orf6/7 mRNA (Querido
et al., 2000), and the splice site of E4orf6 was synonymously
mutated by overlap extension PCR to increase the yield of E4orf6
mRNA. Two fragments of HAdV-5 E4orf6 were ampliﬁed by PCR
with 1103Ad5E4orf6sf1 to 1103Ad5E4orf6sf4 using pAdEasy-1
plasmid as the template, and then overlap extension PCR was
performed to generate the full length FLAG-E4orf6 of HAdV-5. The
PCR product was digested with BamHI and XhoI, and inserted into
the corresponding sites of pcDNA3 to generate pcDNA3-FLAG-
E4orf6/Ad5. Similarly, HAdV-41 E4orf6-carrying plasmid pcDNA3-
FLAG-E4orf6/Ad41 was constructed with primers 1103Ad41E4orf6sf1
to 1103Ad41E4orf6sf4 using pAdbone41 as the template. To further
improve the expression of HAdV-41 E4orf6, translation enhancer QBI
SP163 was synthesized and inserted to 50 end of FLAG-E4orf6 coding
region. Brieﬂy, QBI SP163 sequence was synthesized by overlap
extension PCR with primers 1205SP163p1–1205SP163p6; FLAG-
E4orf6/Ad41 fragment was ampliﬁed with primers of 1205SP163p7
and 1103Ad41E4orf6sf4; these two fragments was fused by overlap
extension PCR with primers of 1205SP163p1 and 1103Ad41E4orf6sf4
to generate SP163-FLAG-E4orf6/Ad41; and ﬁnally SP163-FLAG-
E4orf6/Ad41 was digested with HindIII/XhoI and inserted into the
corresponding sites of pcDNA3 to generate pcDNA3-SP163-FLAG-
E4orf6/Ad41 plasmid. Plasmids of pcDNA3-p53, pcDNA3-HA-Cul2
and pCI-neo-HA-Cul5 were kindly provided by Dr. Paola Blanchette
(Cheng et al., 2011).
Cell culture and transfection
H1299, 293, and 293TE7 cells were cultured in Dulbecco's
modiﬁed Eagle's medium (DMEM) containing 10% fetal bovine
serum (FBS; HyClone) at 37 1C under a humidiﬁed atmosphere
supplemented with 5% CO2, and passaged routinely twice a week.
G418 was added to a ﬁnal concentration of 400 μg/ml during
293TE7 cells maintenance culture. For plasmid transfection, con-
ﬂuent cells were split at a ratio of 1:3. One day later, when cells
reached a 60–80% conﬂuence, DNA transfection was performed
with the JetPrime method according to the instructions of the
manufacturer (Polyplus-transfection). For two plasmids co-trans-
fection, the two plasmids were mixed with a mass ratio of 1:1; and
for E1B55K/E4orf6/p53 three plasmids co-transfection, the three
plasmids were mixed with a mass ratio of 7:8:1. pcDNA3 empty
vector was used as control or stufﬁng DNA to meet the total DNA
amount needed for transfection.
Immunoﬂuorescence assay
At 48 h post transfection, H1299 cells were washed once with
PBS, ﬁxed in cool methanol at 20 1C for 15 min, rinsed three
times with PBS containing 1% bovine serum albumin (BSA-PBS),
and incubated in 1:200 diluted anti-FLAG antibody (F1804; Sigma-
Aldrich) or anti-HA antibody (Covance) at room temperature for
1 h. The cells were then washed three times by BSA-PBS, and
covered with 1:200 diluted FITC-labeled goat-anti-mouse IgG for
another 1 h. After further washing, FITC-positive cells were
observed and photographed under ﬂuorescence microscope.
Table 1
Summary of PCR primers.
Name Sequence Length of product (bp) Restriction enzyme site
1103Ad5HAE1B55K1 ggccgaattc atgtacccat acgacgtccc agactacgct gagcgaagaa acccatctga g 1538 EcoRI
1103Ad5HAE1B55K2 ggccctcgag tcaatctgta tcttcatcgc tagag XhoI
1103Ad41HAE1B55K1 ggccggtacc atgtacccat acgacgtccc agactacgct gagcgcccaa acccatctgt cgg 1469 KpnI
1103Ad41HAE1B55K2 ggccctcgag ttaatcctca tcgctggatt cgt XhoI
1103Ad5E4orf6sf1 ggccggatcc atggactaca aggacgacga tgacaa gact acgtccggcg ttccatttg 929 BamHI
1103Ad5E4orf6sf2 cagggaagac ctcgcacgta ggaaacatt g tgcattgtca aagtgttaca t
1103Ad5E4orf6sf3 atgtaacact ttgacaatgc acaatgtttc ctacgtgcga ggtcttccct g
1103Ad5E4orf6sf4 ggccctcgag ctacatgggg gtagagtcat aat XhoI
1103Ad41E4orf6sf1 ggccggatcc atggactaca aggacgacga tgacaagact acgatgcaac gcgacagatg gttt 920 BamHI
1111Ad41E4orf6sf2 tgcacaagat ggaatacagc gaacctcact cacataatgc atattc
1111Ad41E4orf6sf3 gaatatgcat tatgtgagtg aggttcgctg tattccatct tgtgca
1103Ad41E4orf6sf4 ggccctcgag tcaagctctc cacgggttct cgc XhoI
1205SP163p1 gcccaagctt agcgcagagg cttggggcag ccgagcggca gccaggcc 215 HindIII
1205SP163p2 ggctcctctc ccttctggaa ccgaggcccg ggccggggcc tggctgccgc
1205SP163p3 ccagaaggga gaggagcccg ccaaggcgcg caagagagcg ggctgcctcg
1205SP163p4 cggcgcggct cgcgctccct ctccggctcg gactgcgagg cagcccgctc
1205SP163p5 gcgagccgcg ccggccccgg acggcctccg aaaccatggg gggttctatg
1205SP163p6 agtcttgtca tcgtcgtcct tgtagtccat agaacccccc atggtttc
1205SP163p7 atggactaca aggacgacga tgacaagact
Kan-F cgagtgattt tgatgacgag cgt 93
Kan-R cgactgaatc cggtgagaat gg
GFP-F cagaagaacg gcatcaaggt 142
GFP-R gggtgctcag gtagtggttg t
L2-penton-F gctgccgttt caagaaggtt t 122
L2-penton-R cttttccctc ctctttggct tt
L3-hexon-F gcaatgacac caacgacca 138
L3-hexon-R taaaactcca gccccgaaaa
L5-long ﬁber-F gaaagcatcg agccaatcac 235
L5-long ﬁber-R tttagtcccg tgcccagttt
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SDS-PAGE, Western blot and immunoprecipitation
Cells were washed once with cold PBS, covered with lysis buffer
(150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 50 mM Tris, pH 7.4)
plus Halt protease inhibitor cocktail (Cat. no. 87786; Pierce) for
30 min on ice, collected in 1.5 ml tube, and centrifuged at 12 000g
for 10 min to remove cellular debris. The total proteins in the
supernatant were quantiﬁed with BCA method (Cat. no. 23227;
Pierce), and then used for SDS-PAGE or immunoprecipitation. For
SDS-PAGE and Western blot, extracted proteins were mixed with
equal volume of 2 SDS loading buffer (200 mM DTT, 4% SDS, 0.2%
bromophenol blue, 20% glycerol, 100 mM Tris-Cl, pH6.8), boiled for
5 min or incubated at 50 1C for 12 min (where E1B55K or E4orf6
needed to be detected), and then loaded on SDS-PAGE. Resolved
proteins were transferred to nitrocellulose membrane, and sub-
jected into Western blot assay. The used antibodies were listed as
following: anti-HA mouse monoclonal antibody (HA.11, Covance),
anti-FLAG M2 mouse monoclonal antibody peroxidase conjugate
(Sigma-Aldrich), anti-Mre11 rabbit polyclonal antiserum (NB 100-
142D3, Novus Biologicals), mouse monoclonal p53 Antibody (DO-
1, Santa Cruz), and anti-actin rabbit polyclonal antibody (sc-1616-
R, Santa Cruz). ECL prime detection reagent was used to visualize
the target band (GE healthcare life sciences). For immunoprecipi-
tation, 40 ml anti-FLAG M2 afﬁnity beads (A2220, Sigma-Aldrich)
or anti-HA EZview Red afﬁnity beads (E6779, Sigma-Aldrich) were
washed twice with TBS (150 mM NaCl, 50 mM Tris-Cl, pH 7.4),
added to 1 mg protein extract in 1 ml lysis buffer, and shaken at
4 1C overnight. Non-speciﬁc binding was removed by washing the
beads three times with TBS. The immunoprecipitated proteins
were mixed directly with 2 SDS loading buffer and then sub-
jected to SDS-PAGE and Western blot assay. In order to decrease
the background and eliminate the detection of heavy and light
chains of the IP antibody, ImmunoCruz E kit was used in the
Western blot to analyze immunoprecipitated proteins (SC45042,
Santa Cruz). Brieﬂy, after membrane transfer and blocking, the
nitrocellulose membrane was incubated in the primary antibody
diluted in ImmunoCruz E Dilution Reagent, and the ImmunoCruz E
Western Blot Reagent diluted in ImmunoCruz E Dilution Buffer
was used as the secondary antibody. For immunoprecipitation and
Western blot, every experiment was repeated at least three times
and the representative results were shown.
Cytoplasmic and nuclear RNA isolation
Exponentially growing 293 or 293TE7 cells were seeded in T25
ﬂasks. One day later, 80% conﬂuent cells were infected with HAdV-
41-GFP at an MOI of 150 vp/ml. HAdV-41-GFP was E1-deleted,
GFP-carrying recombinant HAdV-41 (Lu et al., 2009). Viruses were
removed at 2 hpi, and fresh culture medium was added. At 16, 24,
36, 48 hpi, cells were trpysinized and washed once with ice-cold
PBS. The total cells were pelleted by spinning at 400g for 4 min,
loosened by ﬂicking the tube, and lysed with 150 ml RLN lysis
buffer (140 mM NaCl, 1.5 mM MgCl2, 0.5% NP-40, 50 mM Tris-Cl,
pH 8.0; 1000 U/ml RNase inhibitor) on ice for 5 min. The lysate
was centrifuged at 400g for 3 min, and the supernatant was
aspirated to a new tube for cytoplasmic RNA isolation with RNeasy
mini kit (Qiagen). The pelleted nuclei were washed once with 1 ml
RLN, and subjected to RNA extraction with Trizol reagent (Life
technologies). RNA from uninfected cells was similarly isolated as
control. Since the efﬁciency of separating cytoplasm and nucleus
would profoundly inﬂuence the ratio of copies of cytoplasmic
mRNA to that of nuclear mRNA, a cell membrane/nucleus double
staining assay was employed to evaluate the separation of cyto-
plasm and nucleus in this experiment (Supplementary material).
And the results illustrated that RLN lysis was a reliable method
(Fig. S1).
Reverse transcription
2 mg RNA was supplemented with 1 ml (41010 copies) 1.2 kb
Kanamycin positive control RNA (Cat. No. C1381, Promega), and
treated with DNase I (Cat. no. 18068-015; Life technologies) in
a volume of 10 ml at room temperature for 15 min. DNase I was
inactivated by addition of 1 ml 25 mM EDTA and incubation
at 65 1C for 10 min. 3 ml DNase I-treated RNA was subjected
to reverse transcription reaction, in which PrimeScript reverse
transcriptase and the primer of oligo(dT) was included (Takara).
Quantitative PCR
SYBR green real-time PCR was employed to quantify cDNA. PCR
primers were designed and synthesized (Table 1). To conﬁrm the
speciﬁcity of these primers, semi-quantitative PCR was performed
using cDNA from HAdV-41-GFP infected 293TE7 cells as the
template. PCR products were resolved in agarose gel and observed
on a UV illuminator. After that, target bands were recovered from
the gel, quantiﬁed and used as templates to establish standard
curves in following SYBR green real-time PCR (Takara). cDNA was
diluted 100 times in Easy dilution solution (Takara) and used as
template. PCR reaction system (20 ml each) was established as
following: 10 ml SYBR Premix DimerEraser (2 ), 1.2 ml sense and
anti-sense primers mixture (5 mM), 0.4 ml ROX Reference Dye II,
2 ml diluted cDNA, and 6.4 ml H2O. PCR was conducted in triplicate
for each sample by denaturing at 95 1C for 30 s, followed by
40 cycles of 95 1C for 5 s, 55 1C for 30 s and 72 1C for 35 s using
Agilent MX3000P PCR system (Agilent). Raw data were normalized
to equal internal control kanamycin RNA. Transcripts were pre-
sented as the copies per nanogram of total RNA.
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